Abstract: We demonstrate a device that integrates a III-V semiconductor saturable absorber mirror with a graphene electro-optic modulator, which provides a monolithic solution to modelocking and noise suppression in a frequency comb. The device offers a pure loss modulation bandwidth exceeding 5 MHz and only requires a low voltage driver. This hybrid device provides not only compactness and simplicity in laser cavity design, but also small insertion loss, compared to the previous metallic-mirror-based modulators. We believe this work paves the way to portable and fieldable phase-coherent frequency combs.
Introduction
Modelocking-based frequency combs have been evolving rapidly in the last two decades from the classic Ti:sapphire bulk lasers to compact fiber-based lasers [1] [2] [3] . The driving force of this decade-long effort is indeed the desire to utilize frequency combs outside of an optics laboratory. Until recently, a number of such demonstrations have been reported [4] [5] [6] , where fiberbased systems clearly dominate. Though fiber-based systems offer an advantage over free-space ones in terms of environmental sensitivity, it is crucial to have an all polarization-maintaining (PM) oscillator and carrier-envelope offset frequency ( f ceo ) detection setup to avoid influences of temperature, stress, or vibration, which is an issue in non-PM systems. When one considers the available modelocking techniques that are feasible for turn-key, polarization-maintaining, and self-starting operation, the use of semiconductor saturable absorber mirrors (SESAMs) [7] is favored in many cases, although alternative techniques such as a nonlinear optical loop mirror can also be employed in an all polarization-maintaining way.
While the use of SESAM allows straightforward modelocking of a compact laser, two fast actuators are needed to suppress the noise in both the pulse repetition frequency ( f rep ) and the carrier-envelope offset frequency ( f ceo ). For metrological, long-term (>1s) applications, slow actuators are often sufficient. However, when short-term stability (1µs-1s) is of concern, high feedback bandwidth is required, for instance for the generation of ultralow-noise microwaves by direct frequency division [8] , or for the generation of high-order harmonics with an enhancement cavity [9] . To stabilize f rep , one can use a fast piezo or a lithium-niobate-based modulator that controls the cavity length, with up to ∼1MHz bandwidth. For f ceo stabilization, the conventional method of pump power modulation has fairly limited bandwidth due to the long stimulated gain lifetime in bulk lasers, especially rare-earth-doped ones.
A number of high-bandwidth approaches have been shown, including extra-cavity error correction with an acoustic-optic modulator (f 3dB ∼250kHz) [10] , intracavity loss modulation with a graphene modulator (f 3dB ∼1MHz) [11] , and opto-optical modulation with a SESAM (f 3dB ∼100kHz) [12] . Ideally one would like to have a device that can be introduced into the laser cavity without degrading the modelocking performance and without complicating the cavity design. In our first demonstration of graphene modulators and its use in a laser cavity [11, 13] , one had to slightly modify the laser cavity to accommodate the graphene modulator as an end mirror, which was an added complication and may not be compatible with certain type of lasers. A monolithic solution is therefore desirable, especially for fieldable frequency combs with an all-fiber linear cavity [6] .
We demonstrate in this work a new generation of graphene electro-optic modulators that are integrated with a SESAM. This monolithic device provides electro-optic loss modulation from graphene as well as saturable loss from an InGaAs quantum well. The optical loss of graphene can be modulated with a low-voltage electrical signal, and the introduced cavity loss modulation offers an unconventional advantage over the pump power modulation technique since loss modulation bypasses the gain medium and therefore offers a modulation bandwidth beyond the limit of the gain lifetime [11, 14] . We envision the use of this novel device in compact, fieldable frequency combs where ultralow integrated phase noise level (<100 mrads) is required, such as a portable low-noise microwave generator.
Design considerations and device fabrication
The first demonstration of graphene modulators suitable for intracavity loss modulation [13] utilized a metallic thin film (silver) as a highly-reflective optical mirror and as an electrode, which enabled modulation of Fermi level (thus optical absorption) in graphene [15] [16] [17] . Despite its simple structure and applicability in fiber-based lasers [11, 18] , the use of a metal-based mirror led to some optical loss that may not be tolerable in solid-state bulk lasers. The optical loss can be reduced by using a dielectric Bragg reflector with a very thin (few nanometers) metallic layer located at the node of the optical fields, which serves as a transparent electrode [19] , although the effective optical bandwidth of the Bragg reflector is reduced due to the presence of the metallic film. A suitable low-optical-loss transparent electrode is desirable without the trade-off between optical loss and optical bandwidth of the mirror. It should be noted that graphene itself is a good transparent, electrically conducting material. This enables one to fabricate an optical modulator with graphene on both sides of the gate dielectric [20] , provided that high-quality dielectric, such as aluminum oxide realized by atomic layer deposition, can be deposited on graphene without compromising its crystalline quality. In this work, the transparent electrode issue is naturally resolved because we can utilize the electronic and optical properties of gallium arsenide (GaAs) that a shallowed-doped layer provides sufficient electrical conductivity while its linear optical absorption remains small. The SESAM therefore can serve not only as a saturable absorber for modelocking but also as a transparent electrode for gating the graphene modulator. This allows the realization of a low-loss device suitable for even the most optical-loss-aversive bulk lasers.
A schematic drawing of the device is shown in Fig. 1(a) , and a scanning electron microscope image of the SESAM, before modulator fabrication, is shown in Fig. 1(b) . The calculated optical fields in the device are shown in Fig. 1(c) , with and without the dielectric in the modulator. The device consists of a Bragg reflector(24 pairs of GaAs/AlAs), a 10-nm-thick InGaAs:Er quantum well(QW), a cap 110-nm GaAs layer, and a graphene modulator. The SESAM, grown by molecular beam epitaxy, was designed for modelocking at the center wavelength of 1560 nm, and ultrafast recombination centers were introduced in the absorber by a low temperature (LT) growth at 475 • C. We used erbium doping in the InGaAs QW to ensure an ultrafast re- sponse time of the SESAM. At doping levels used during this growth (5 × 10 18 cm −3 ), ErAs precipitates have been shown to form in GaAs which efficiently trap photo-excited carriers [21] . A similar situation is expected to occur in InGaAs:Er QWs and, in fact, ErAs has been included in bulk InGaAs to facilitate ultrafast photoconductive switches [22] . Silicon was introduced as n-dopant in the top GaAs layer with a concentration of ∼ 5 × 10 17 cm −3 , which results in a sheet resistance of ∼ 800 kΩ/ . The poor electrical conductivity likely arose from the LTinduced lattice defects. An annealing step (rapid thermal annealing at 500 • C for 30 seconds) was introduced before the modulator fabrication to reduce the sheet resistance.
This doped layer serves as a transparent electrode for the graphene modulator. The modulator is comprised of a 50-nm tantalum oxide(Ta 2 O 5 ) layer as the gate dielectric, wet-transferred chemical-vapor-deposition(CVD)-grown graphene [23] , and top and bottom metal contacts, as shown in Fig. 1 . It is crucial to use Ni/Ge/Au as the contact material on n-GaAs in order to achieve low contact resistance and ohmic behavior. In our device, 20 nm of Ni and 80 nm of Ge/Au eutectic alloy were thermally evaporated onto the SESAM. The sample was then annealed in a rapid thermal annealing (RTA) furnace for 120 seconds at 350 • C in order to form ohmic contact. The 50-nm Ta 2 O 5 was deposited using DC reactive sputtering. The top contact, which consists of 10 nm of Ti and 90 nm of Au, was also thermally evaporated. After that, CVD-graphene was transferred directly on the top contact. Oxygen plasma etch was then performed on graphene to make suitable active apertures and remove parasitic capacitance.
Because the capacitance of the graphene/Ta 2 O 5 /n-GaAs structure couples with the sheet resistance of the n-GaAs layer, the modulation bandwidth of the graphene modulator is determined by an equivalent RC circuit. Since the capacitance scales linearly with area, it is crucial to keep the sheet resistance of n-GaAs layer low, which we have achieved using shallow silicon doping and annealing. For this demonstration, we show a modulator with an active aperture of 200 µm in diameter, which is large enough for most intracavity applications.
Device characterization results
Various annealing conditions for improving the conductivity of the n-GaAs layer have been investigated. The changes in sheet resistance and the absorption-induced-carrier recovery time is shown in Fig. 2 , where the recovery time of the annealed SESAM showed an increased amount of slow recovery compared to the condition before annealing. The measurement was performed with a 1560 nm wavelength, 125 fs pulse width, 88 MHz repetition-rate modelocked laser on SESAMs without graphene. It was found that annealing at 500 • C resulted in a low sheet resistance of ∼ 16 kΩ/ and that beyond 600 • C, the sheet resistance increased slightly, and the fast component of relaxation almost vanished. In Fig. 2(c) , the corresponding plot of optical reflectivity of the SESAM before annealing is shown. No measurable change in the saturable absorption curve was observed after annealing except non-saturable loss. However sampleto-sample variation and measurement uncertainty (±0.5%) have prevented us from drawing a conclusion about the annealing-induced-change in non-saturable loss due to the small value of the total loss. The group delay dispersion of the SESAM is about −100fs 2 at 1550 nm, and no optical damage was observed in the nonlinear absorption measurement, with a maximum pulse fluence of ∼ 3 mJ/cm 2 . Carrier relaxation dynamics in sample before and after annealing. With a bi-exponential fit function ∆R/R = A 1 e −t/τ 1 + A 2 e −t/τ 2 , the recovery times (τ 1 , τ 2 ) and the ratio of fast to slow relaxation (A 1 /A 2 ) are found to be τ 1 ∼2 ps, τ 2 ∼21 ps, and A 1 /A 2 = 1.9 in the un-annealed sample; τ 1 ∼1 ps, τ 2 ∼16 ps, and A 1 /A 2 = 0.5 in the 500 • C-annealed sample. (c) Nonlinear absorption characterization of the absorber, before annealing. Using a slow-absorber fit function with twophoton absorption, ∆R = q 0 (F sat /F)(1 − e −F/F sat ) − β TPA TPA (F/τ pulse ), we found q 0 ∼ 0.9%(saturable loss), F sat ∼ 180 µJ/cm 2 (pulse fluence), β TPA TPA ∼ 10 3 cm·nm/GW(twophoton-absorption coefficient×layer thickness), and a non-saturable loss ∼ 1.1%.
The thickness of the high-k dielectric can be chosen to tailor the insertion loss from graphene and the corresponding modulation depth. In this particular device, an average modulation depth of ∼ 0.07%(pk-pk) at 100kHz was observed across an active aperture of 200 µm with only 5.6 V pp applied to the device (Fig. 3) , which was measured by raster scanning a tightly focused low-power continuous-wave laser centered at 1550 nm while recording the percentage of modulation in the reflected optical power. An optical reflectivity map is also shown in Fig. 3(b) , an average reflectivity of 98.5±0.5% was found. We presume the slight increase in reflectivity was due to the reduction of defect-induced non-saturable loss after thermal annealing at 500 • C.
The frequency response of the graphene modulator was measured with a network analyzer, as shown in Fig. 4(a) . The 3-dB bandwidth was found to be ∼5.6 MHz, measured relative to the peak. This bandwidth is sufficient for most f ceo noise or relative intensity noise (RIN) suppression in lasers. The modulation depth as a function of applied modulation signal amplitude (Fig. 4(b) ) shows good linearity up to 14 V pp , which corresponds to ∼ 1.4 MV/cm field strength in the Ta 2 O 5 layer. The maximum modulation depth is limited by the electrical breakdown in Ta 2 O 5 .
At low frequencies (1 kHz to 100 kHz), it can be seen that the response of the modulator is reduced, which we hypothesize to be caused by the presence of free charges in the GaAs layer screening the applied field. These carriers may be generated from charge traps or across the bandgap and can only follow the field below 100 kHz. Since the intended use of the graphene modulator is a fast actuator for noise suppression and is usually paired with a slow counterpart, such as pump power modulation or temperature control of a fiber-based Bragg grating [24] , the reduced low-frequency response should not be of a big concern. Nevertheless, the suppressed low-frequency response might be improved in the future by, for example, proper DC biasing of the device or reduction of the charge traps in GaAs. 
Conclusion
We have demonstrated a dual-function device that serves as a saturable absorber for modelocking and as a cavity loss modulator with a modulation bandwidth beyond 5MHz. The total insertion loss of the device was measured to be ∼ 1.5%, and graphene modulator showed a modulation depth of 0.2% with 14 V pp applied. Even though this demonstration is targeting at lasers at 1.5 µm wavelength, the fabrication techniques and design principles should be applicable to other wavelengths of interest. This hybrid device is believed to help boost the noise suppression bandwidth in compact frequency combs that are finding applications where excellent short-time stability is needed.
